Introduction
It is well known that proteins are the most abundant macromolecules in biological cells and that they have the ability to carry drugs as well as other endogenous and exogenous substances. If the functional proteins are damaged, the cells will be destroyed from within, resulting in the apoptosis of the whole cell. 1 Many experiments with the aim of characterizing the ability, spectra and sites of albumins have been reported. [2] [3] [4] [5] Serum albumins are the most abundant proteins in plasma. 6 Among them, human serum albumin (HSA), serving as the major soluble protein that constitutes the circulatory system, has many physiological functions. It contributes significantly to colloidal osmotic blood pressure and to many transport and regulatory processes. 7 The binding properties of HSA with drugs have been investigated by many researchers. [8] [9] [10] [11] [12] HSA is a water-soluble protein with a molecular weight of 66500, which includes 585 amino-acid residues. It is not hard to study the quenching of protein intrinsic fluorescence since it has a single tryptophan residue. 13, 14 Nowadays, nanopariticles are widely used in various fields, such as electronics, optics, genomics and proteomics. Titanium dioxide (TiO2) nanoparticles (NPs), one of the most typical nanoparticles, have been used in the bioanalytical field because of their large surface area, 4, 15, 16 enhanced chemical reactivity and easy penetration into cells. 17 TiO2 nanoparticles have also been applied as carriers for photo sensitizers like porphyrins in photodynamic therapy of cancer treatment. 18, 19 Chung et al. studied the composites of TiO2 and polymeric polyetheretherketone (PEEK) for reducing implant-related infections. 20 The results not only showed that TiO2 coating depositions did not suffer any damage to the polymeric PEEK substrate, but also displayed higher antimicrobial activities. Turkez found that TiO2 did damage DNA in the presence of ascorbic acid. 21 The solvothermal method is very simple and does not require any special equipment. TiO2 prepared by this method have well-crystalline phases, small particle sizes, large surface areas and stable thermal stability, which are beneficial to the chemical reactivity.
22,23
Allouni investigated the effects of the particle concentration, ionic strength, pH, fetal bovine serum (FBS) and human serum albumin (HSA) factors on the stability of colloidal TiO2 when it is in higher concentration of 10 -3 M/L. The results showed that the presence of HSA could notably enhance the stability of colloidal TiO2. 24 Some works studied the interaction of colloidal TiO2 with other biological substances, and the results showed good application prospects. 25, 26 In this research, we used a solvothermal method to prepare TiO2 nanoparticles, and we studied the interaction between HSA and colloidal TiO2 by fluorescence techniques. Titanium dioxide (TiO2) nanoparticles (NPs) are widely used as an important kind of biomaterials due to their large surface area, enhanced chemical reactivity and easy penetration into cells. Nano TiO2 with pure anatase phase was successfully prepared by solvothermal method. Its particle size was about 21 nm, while the larger specific surface area of TiO2 was 77.43 m 2 /g. The interaction of colloidal TiO2 with human serum albumin was studied by using absorption spectra and fluorescence spectra. The apparent binding constants (K) were 345.780 × 10 5 , 4.376 × 10 5 , 0.035 × 10 5 at 298, 303 and 308 K, respectively. In addition, the number of binding sites (n) was gradually decreased with the increase of temperature, which indicated that the quenching mechanism of albumin by colloidal TiO2 was static fluorescence quenching process. Based on fluorescence resonance energy transfer, the energy transfer efficiency (E) and critical transfer distance (r0) between donor (human serum albumin, HSA) and acceptor (colloidal TiO2) were calculated to be 0.862 and 6.244 nm, which suggested that non-radiative energy transfer occurred between TiO2 and HSA. Furthermore, the conformational changes of HSA were shown by synchronous fluorescence. 
Experimental

Materials
HSA (purity >90%) was purchased from Sigma Chemical Co. and used without further purification. HSA solutions were prepared with the pH 7.4 Tris-HCl buffer solution (0.539 × 10 -5 M/L) and were then stored at 0 -4 C. All measurements were performed at room temperature. TiO2 nanoparticles were synthesized locally.
Preparation of colloidal TiO2
All the chemicals were reagent grade and were used without further purification. The mixture of 12.7 ml CH3CH2OH, 16.1 ml CH3COOH and 2.2 ml H2O was stirred for 20 min, then it was dropped into the mixture of 20.0 ml CH3CH2OH and 13.6 ml tetrabutyl titanate after stirring for 40 min, and the final solution was stirred for 30 min before being introduced into a 100-ml Teflon-lined stainless-steel autoclave. The autoclave was maintained at 180 C for 36 h. The TiO2 powder was obtained by filtrating and washing with ethanol and distilled water several times, and then dried at 80 C for 12 h. Finally, the materials were calcined at 500 C for 0.5 h, and the desired nano TiO2 was obtained. A certain amount of nano TiO2 was dispersed in distilled water, stirred for 2 h, and then filtered. The solution after filtration was then collected and marked as the colloidal TiO2. The molar content of titanium dioxide in solution was calculated. The colloidal TiO2 nanoparticles prepared by this method would be stable for one week. In our study, fresh colloidal TiO2 dispersed in water was prepared before the set of measurements.
Steady-state measurements
The crystalline phase of TiO2 was identified by X-ray diffraction (XRD) using a Rigaku D/MAX 3C powder diffractometer (Cu Kα as radiation source, λ = 0.15406 nm). N2 adsorption-desorption isotherms were recorded on a U.S. Quantachrome NOVA 2000e (BET models for specific surface area, measured at 77 K). The morphology of TiO2 nanoparticles was measured through field emission scanning electron microscopy (SEM) with energy-dispersive X-ray (EDX) analysis (Hitachi S-4800) and transmission electron microscopy (TEM, JEOL, JEM-1200EX). All the absorption spectra were recorded on a UV-vis ratio recording spectrophotometer (Shimadzu UV-3600) and the fluorescence spectra data were collected on a fluorescence spectrofluorometer (Hitachi F-7000). The excitation wavelength of HSA was 278 nm and the emission was recorded at 344 nm. The excitation and emission slit widths (each 5 nm) and the scan rate (240 nm/min) were constantly maintained for all measurements.
Results and Discussion
Characterizations of TiO2
The XRD pattern of TiO2 nanoparticles prepared by solvothermal method is shown in Fig. 1 . Anatase phase (A) and rutile phase (R). Except for P25 (Degussa AG, Germany), the TiO2 nanoparticles which exhibit the desired diffraction peaks are pure anatase phase. The Scherrer crystallite sizes of TiO2 are 20.6 nm, and these are smaller than that of P25 (anatase for 21.1 nm and rutile for 32.6 nm calculated by Scherrer equation, Eq. (1)). The P25 sample contains 80% anatase and 20% rutile by Eq. (2).
Anatase phase
where λ is wavelength of the radiation used, b the full width at half-maximum of the reflection, Kd the Scherrer factor (assumed to be 0.89), and q the angle of diffraction. IA and IR are the intensity of the (101) reflection of the anatase phase and the (110) reflection of the rutile phase, respectively. The specific surface area of TiO2 is 77.43 m 2 /g, while that of P25 is 50.55 m 2 /g. TiO2 with a larger surface area will have a better chemical activity to biomoleculars. 17 Figure 2 displays SEM and TEM images of TiO2 prepared by the solvothermal method. It can be seen from Fig. 2a (SEM) that the prepared TiO2 has a uniform size and can be classified as a nanomaterial. The particle size of TiO2 is estimated to be about 21 nm in Fig. 2b (TEM) , the result of which is almost in accordance with that of Fig. 1 . The energy dispersive X-ray (EDX) spectrum is used to analyze the TiO2 nanoparticles, and the result is shown in Fig. 3 . The Ti and O peaks can be obviously found in the spectra without any other peaks, except for peaks of Au coming from the Au spraying. The result demonstrates the composition of TiO2 nanoparticles, and indicates that TiO2 particles are successfully synthesized by the solvothermal method. Figure 4 is the absorption spectra of HSA and TiO2. During the study, a phenomenon can be observed that the absorbance of HSA increases remarkably with a slight red shift upon adding the colloidal. Taking account of the fact that the adsorption of TiO2 is very low and does not have any effect on HSA, we conclude that this phenomenon is likely to be a result of the interaction of HSA and TiO2 since the former is partly on the surface of the latter, as is supported by observations reported earlier. 28 It is well known that the dynamic collision only influences the excited state of quenching molecules, whereas it has no effect on the absorption spectra of quenching substances. 29 From Fig. 5 , the fluorescence intensity of HSA, which is an intrinsic fluorescence substance, is gradually decreasing with an increasing concentration of TiO2. Additionally, the intrinsic changes are also widely used in drug-protein binding affinity. So, the results can reveal the complexes which formed between HSA and TiO2.
Fluorescence quenching studies
Quenching data are used to quantitatively analyze the binding of HSA to TiO2 with the Stern-Volmer equation: 30, 31 
where I0 and I are the fluorescence intensity of HSA at 341 nm in the absence and presence of TiO2 quencher, respectively.
[Q] is the concentration of the quencher, and Ksv the Stern-Volmer constant, Kq the bimolecular quenching rate constant, and τ0, evaluated as 10 -8 s, the average fluorescence lifetime of HSA in the absence of TiO2. 32 It is an appropriate way to distinguish dynamic from static quenching mechanism by examining the quenching rate constant. According to the Stern-Volmer linear equation, the quenching rate constant (1.852 × 10 13 L/(M s -1 )) at 298 K is calculated by the slope of the I0/I against [Q] plots. However, for the biopolymer, the maximum collision quenching constant (Kq) of various quenchers is 2.0 × 10 10 L/(M s -1 ). 33 Clearly, the calculated constant is higher than that of Kq biopolymer. This indicates that the above quenching is static rather than due to dynamic collision. Consequently, the quenching mechanism of HSA by TiO2 depends on the formation of the complex between HSA and TiO2. In order to further confirm the view, one can check the temperature effect on the interaction of TiO2 with HSA. From Fig. 6 , Ksv is also obtained. Obviously, Ksv is gradually decreasing with the increasing of temperatures, which is consistent with the static quenching mechanism.
In addition, the decrease in fluorescence emission may be attributed to the transfer of the electrons. The overlap of the UV absorption spectra of TiO2 colloid with the fluorescence emission spectra of HSA is shown in Fig. 7 . So, energy transfer from the singlet excited state of HSA to TiO2 colloid is possible.
Energy transfer between colloidal TiO2 and HSA
The transfer efficiency can be applied to evaluate the distance between the ligand and the tryptophan residues in the protein.
According to Forster's non-radiative energy transfer theory, 34 the rate of the energy transfer mainly depends on: (i) the relative orientation of the donor and acceptor dipoles, (ii) the extent of overlap of fluorescence emission spectra of the donor with the absorption spectra of the acceptor, and (iii) a distance of less than 7 nm between the donor and the acceptor. The energy transfer efficiency is associated not only with the distance between the donor and the acceptor (r0), but also with the critical energy transfer distance (R0). And energy transfer efficiency (E) is defined as: 
Here, I0 and I are the emission intensity of HSA in the absence and presence of TiO2 colloid, respectively. R0 is the critical energy transfer distance when the transfer efficiency is 50%. R0 6 is calculated by following equation: 36
Here K 2 is the spatial orientation factor of the dipole, N the refractive index of the medium, f the fluorescence quantum yield of the donor and J the overlap integral of the fluorescence emission spectra of the donor and the absorption spectra of the acceptor. J is given by:
Here, F(λ) is the fluorescence intensity of the donor, e(λ) is the molar absorption coefficient of the acceptor. K 2 = 2/3, N = 1.336 and f = 0.15. 38, 39 The spectral parameters in Eq. (4) and Fig. 7 are operated by an integrating method and the parameter J can be calculated as J = 6.508 × 10 -11 nm 4 /(mol cm -1 ). Under experimental conditions, it can be calculated that R0 = 8.479 nm and r0 = 6.244 nm. The donor-to-acceptor distance r is less than 7 nm, which means that there is a high chance that energy transfers from HSA to TiO2. 40, 41 Scheme 1 reveals the energy transfer quenching process between HSA and colloidal TiO2, which gives further evidence of the binding of TiO2 to HSA through energy transfer. 42 
Binding constant and the number of binding sites
From fluorescence quenching studies, it is obvious that complexes formed between HSA and TiO2. Here, we give further discussion about the binding constant and the number of the complexes. They are calculated by the Scatchard equation:
Here K is the binding constant of HSA and TiO2, which can be determined by the slope of the plot, and n is the number of binding sites, as shown in Fig. 8 . It is obvious that the binding constants (K ), which can be calculated from Fig. 8 , decreased with the increasing of temperatures as shown in Table 1 , and this dependency is in accordance with the static type of quenching mechanism. 44 This result indicate that the stability of HSA-TiO2 complex is gradually decreasing with increased temperature. 
Characteristics of synchronous fluorescence spectra
The synchronous fluorescence spectroscopy is a useful method to characterize the microenvironment of the fluorophore's functional groups and to detect the changes of the conformation. 45 It has been applied to various multi-component systems for its simplified spectra, narrowed bandwidth, high selectivity and sensitivity.
When the difference between the excitation wavelength and emission wavelength is stabilized at 60 or 15 nm, the synchronous fluorescence of HSA is characteristic of tryptophan residue and tyrosine residue, respectively. 46 The emission wavelength of the tyrosine residues is blue-shifted (from 280 to 276 nm in Fig. 9A) , and the fluorescence intensity of HSA is gradually decreasing because of the adding of TiO2. Figure 9B indicates that the peak location of the tryptophan does not change, which suggests that there is no influence on the conformation of tryptophan micro-region. However, the changes in tyrosine fluorescence spectra resulting from the conformation of HSA imply that the hydrophobic environment of tyrosine residues has been rearranged. And this somewhat disturbs the equilibrium and leads to the strengthening of the polarity around tyrosine residues and the weakening of hydrophobicity. It is important to notice that colloidal TiO2 affects nothing but the tyrosine residues in HSA molecule. This is because tyrosine contains one aromatic hydroxyl group, while tryptophan has none.
Conclusion
Single anatase phase TiO2 nanoparticles were successfully prepared by the alcohol-thermal method using tetrabutyl titanate as precursor. Their particle sizes are about 21 nm with a uniform distribution, and the material has a larger specific surface (77.43 m 2 /g) than that of P25 (50.55 m 2 /g). The study of TiO2 and HSA has been investigated by absorption, fluorescence emission and synchronous spectra methods under simulative physiological conditions. The research reveals that the intrinsic fluorescence intensity of HSA is quenched by TiO2 via a static quenching mechanism. Besides, the synchronous fluorescence spectra prove that the conformation and microenvironment of HSA have changed due to its interaction with colloidal TiO2. The binding constant, quenching rate constant, and the number of binding sites have been calculated, which are of great significance in pharmacy, pharmacology and biochemistry. 
